ABSTRACT Ultra wideband (UWB) technology is suitable for high data rate short range wireless communication, localization, and imaging techniques. However, UWB systems require high sampling rate and precise synchronization. In order to reduce the sampling rate, have precise synchronization, and for low power requirement, UWB systems are implemented using compressive or sub-Nyquist rate measured samples by exploiting the sparsity of the UWB signal. Compressive sensing (CS)-based UWB systems are being designed in two ways: 1) signal demodulation or detection is performed in the CS domain without full signal recovery at the front-end. Thus, demodulation or detection works on compressive measurements. However, system performance deteriorates in the CS domain as compared with full Nyquist rate sampling and 2) after, Nyquist rate signal is recovered using efficient algorithms at the front-end, the signal demodulation or detection is performed using the conventional receiver. Thus, one requires an efficient CS/sampling of signal measurement at the front-end for better system performance for both the cases stated earlier. In this paper, we propose a deterministic (partial) UWB waveform-matched measurement matrix. The proposed measurement matrix has a circulant structure and is sparse in nature. The proposed matrix is easy to implement in hardware and is operationally time efficient as needed in a practical system. The bit error rate performance of the corresponding UWB system and the operational time complexity with the proposed measurement matrix are better as compared with the existing measurement matrices in the CS domain for both the above receiver designs. The efficacy of the proposed measurement matrix is verified through extensive simulations in both the additive white Gaussian noise and multipath communication environments. In addition, we have also compared other desirable properties of the proposed measurement matrix with the existing measurement matrices.
wave communication. In order to handle ADC requirement, recently, channel estimation and receiver designs are being implemented using compressive sensing (CS) at sub-Nyquist rate sampling using low sampling rate ADC and low power requirement [6] , [8] [9] [10] [11] [12] [13] [14] [15] [16] . The sub-Nyquist rate implementation of UWB system also avoids precise synchronization requirement due to frame rate synchronization. In this context, compressive sensing with sparse signal processing can play a very important role in millimeter and 5G communication due to inherent sparse nature of signals at such high frequencies. Importance of sparse signal processing is also highlighted for efficient future 5G communication in [17] .
Further, UWB signal received through the multipath channel is sparse in time domain due to short time duration of transmitted pulses and can be processed using CS for efficient system implementation [10] , [14] , [18] . In [11] , performance of various signal recovery algorithms has been analyzed for CS based UWB system by varying the sparsity level of the received UWB signal in multipath communication environment. Results in [11] suggest that lowering the sparsity of received UWB signal culminates in higher signal recovery time and degraded performance as compared to the case of sparser signals. In our earlier work [19] , we exploited UWB signal's sparsity in time domain for receiver design in additive impulse noise scenario.
In [13] , CS based receiver design is proposed in high data rate transmission scheme for bursty UWB communication. It is shown that the system is insensitive to the nature of multipath channel. In [16] , sparsity of UWB channel and PPM (pulse position modulation) are explored jointly and called dual sparse UWB signal for CS based UWB communication using non-coherent signal detection. However, the proposed method in [16] is valid only for PPM data transmission scheme and for high signal-to-noise ratio (SNR) region. In [15] , channel estimation is done using CS based method with Gaussian pulse based signal sparsfying dictionary where signal recovery is done via matching pursuit (MP) algorithm. In [14] and [18] , channel estimation is done using CS and signal reconstruction error is analyzed at various sampling ratios of CS. In [14] , channel estimation is done using the frequency band division of the received UWB signal. Better signal recovery is reported at sub-Nyquist rate sampling. In [18] , sparsifying dictionary has been suggested using the Gaussian pulse for the received UWB signal.
Interestingly, UWB literature [8] , [9] highlights signal demodulation or detection in the compressive domain at subNyquist rate without full signal recovery at the front-end. Receiver design using compressive measurements is simple, needs lower power, lower sampling rate ADC, and does not require any signal processing back-end hardware for signal recovery algorithm. In [6] , BPSK modulation scheme for the UWB system at 60 GHz using sub-Nyquist rate sampling is demonstrated for futuristic gigabits per second data rate. Authors in [8] , [9] , and [20] suggest efficient system implementation in the compressive sensing domain at sub-Nyquist rates to draw signal-based inferences such as detection, classification, and filtering. The above literature highlights the use of CS for low sampling rate ADC and less power requirement for the UWB system design. This highlights utility of CS method at millimeter wave communication for UWB signal in the near future.
In the CS literature, [21] [22] [23] [24] [25] [26] various deterministic (partial) measurement matrices are proposed and analyzed. The hardware computational complexity of deterministic measurement matrices is low as compared to random Gaussian and Bernoulli distributed measurement matrices. Signal recovery from sub-Nyquist rate samples using a deterministic (partial) measurement matrix is less time consuming and computationally efficient especially in the case of Toeplitz and circulant measurement matrices without any performance degradation as compared to independent identically distributed (i.i.d) measurement matrices [23] , [24] , [27] . In [28] , a fully deterministic measurement matrix is proposed and results are shown to be better compared to random measurement matrices with significant reduction in implementation complexity. In [29] [30] [31] [32] structured measurement matrices designed using data characteristics are proposed for better system performance with or without reducing complexity and operational time of signal recovery algorithms for CS based system. In [33] , wavelet measurement matrix is used with CS in image processing and is observed to provide better performance compared to the existing measurement matrices. The wavelet measurement matrix can capture local and global information of image better than other matrices; hence, improved performance is observed in [33] . Further, this work provides additional motivation to explore measurement matrix that can capture higher information rate for UWB signal in wireless communication.
UWB receiver design using compressive measurements without fully recovering the received signal can be achieved by very simple implementation. However, receivers implemented in compressive sensing domain have degraded bit error rate (BER) performance compared to traditional analog autocorrelation receivers (ACR) [9] , [10] , [12] , [20] , [34] , as highlighted in the UWB literature. On the other hand, ACRs require high sampling rate ADC and long analog delay lines for implementation, which makes receiver design complex, power hungry, and technologically unimplementable in current scenario. Thus, the above discussion motivates us to use CS in UWB system by designing a good measurement matrix that can yield better BER performance.
In this paper, we propose construction of a measurement matrix using the transmitted UWB waveform for efficient CS signal processing and better system performance. First, a circulant matrix is derived using the composite transmitted UWB waveform. Next, the proposed measurement matrix is generated using the random selection of rows of the above derived circulant matrix. The proposed measurement matrix designed using the transmitted UWB waveform yields better system performance in both the scenarios, case-1: when signal demodulation or detection is performed in the compressive domain without full signal recovery at the front-end; 5328 VOLUME 4, 2016 and case-2: when Nyquist rate signal is recovered first from compressive measurements using efficient signal recovery algorithms at the front end and then, signal demodulation or detection is performed using the conventional receiver. For brevity purposes, from hereafter, we refer to case-1 above as sub-Nyquist rate CS receiver implementation, and case-2 as signal domain based CS receiver implementation.
The performance improvement using the proposed measurement matrix is due to two main reasons. Firstly, the proposed measurement matrix reduces the noise effect due to low cross-correlation between the matrix elements and the noise components of the received signal. Secondly, owing to measurement matrix being UWB signal matched, it is able to capture more information about sparse UWB signal embedded in the received signal. Thus, more information of transmitted UWB signal using the proposed measurement matrix provides better performance compared to random Gaussian or Bernoulli distributed measurement matrices in both high and low compressive sensing ratios (CSRs).
In the CS and UWB literature, random Gaussian and Bernoulli distributed measurement matrices are widely used. However, random measurement matrices are difficult to implement in hardware due to randomness in the generated matrices [12] , [16] , [18] , [20] , [22] , [34] . From the simple implementation point of view, deterministic (partial) discrete cosine transform (DCT), discrete Fourier transform (DFT), Hadamard, chirp, wavelet and Reed-Muller codes based etc. measurement matrices are designed, where DCT and Hadamard matrices are widely recognized matrices in CS literature [23] , [25] , [26] , [28] , [33] , [35] . A deterministic measurement matrix is formed using the random selection of rows of the corresponding matrix. In this paper, we have compared performance of the proposed deterministic (partial) measurement matrix with the existing deterministic (partial) DCT, Hadamard and random Gaussian measurement matrices. The proposed measurement matrix fulfills many desirable properties of a measurement matrix. The same has been verified using analytical and simulation results.
We have analyzed BER performance of the UWB system using the proposed measurement matrix and the existing deterministic (partial) DCT, Hadamard and random Gaussian distributed measurement matrices in additive white Gaussian noise (AWGN), multipath Line-of-Sight (LOS) and NonLine-of-Sight (NLOS) communication environment using time hopping binary phase shifted keying (TH-BPSK) UWB signal. We have also compared the coherence and mean squared error (between desired and reconstructed signal) using the proposed measurement matrix with random Gaussian and Bernoulli distributed measurement matrices. Further, the signal recovery algorithm with the proposed measurement matrix, compared to the existing matrices, is computationally less time consuming and is hardware efficient due to the sparsifying and circulant nature of the proposed measurement matrix.
Notation: In this paper, bold small and capital letters represent vector and matrix respectively. The superscript of a matrix (·) {·} represents a square matrix, whereas measurement matrix is represented as subscript of matrix (·) {·} .
Rest of the paper is organized as follows: basic UWB system model for TH-BPSK signal and compressive sensing domain receiver design is described in Section II. The proposed transmitted UWB waveform matched measurement matrix and the existing measurement matrices are discussed in Section III. The UWB system performance using the proposed measurement matrix is analyzed and discussed in Section IV. Further, UWB system performance is compared using the proposed and the existing deterministic (partial) DCT, Hadamard and random Gaussian measurement matrices in Section IV. In Section V, some conclusions are drawn based on simulation results.
II. UWB SYSTEM MODEL AND RECEIVER DESIGN IN COMPRESSIVE SENSING DOMAIN
In this section, we describe a UWB system model using TH-BPSK signal. Signal acquisition system for compressive measurements, and sub-Nyquist rate CS receiver implementation are formulated and analyzed for simple UWB communication system implementation.
A. UWB SYSTEM MODEL
In a UWB system, every data symbol is transmitted over N f consecutive frames to limit the transmitted signal power within the Federal Communications Commission (FCC) spectral mask. The combined signal, w c (t) of N f consecutive frames using UWB pulse, w(t) of duration T w is represented as
where T f , T c , and E w are frame duration, chip duration and pulse energy, respectively. The pulse energy is calculated
−T f /2 w 2 (t)dt and is constant over a frame. {c j } is the pseudo random time hopping code with time period N p and cardinality N h for smoothing the transmitted signal power spectral density (PSD). The k th transmitted data symbol of TH-BPSK UWB signal can be written as
where d(k) ∈ {−1, 1} is the data symbol and T s = N f T f is the data symbol duration. The received signal r(t) can be written as
where ' * ' is the convolution operator, n(t) is AWGN noise of zero mean and σ 2 n variance, and h(t) is the channel impulse response (CIR) with L number of resolved multipaths, expressed as h(t) = L−1 l=0 α l δ(t − τ l ), where α l and τ l are gain and time delay of l th multipath, respectively.
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The received signal r(t) in (3) represents the weighted summation of time shifted transmitted signal s(t) and noise. This is to note that the signal r(t) can be sparse in nature due to large multipath channel delay as compared to the transmitted UWB pulse time.
B. SIGNAL ACQUISITION BLOCK
In this subsection, we describe the measurement process of received signal r(t) for compressive sensing based processing. Let be a measurement matrix (or sensing matrix) and expressed as 
where ., . represents the inner product defined as
, and measurements using (4) are arranged in a vector y = [y 1 y 2 y 3 . . . y M ] T . Measurements of the received signal are taken directly in analog domain with sub-Nyquist rate sampling and the corresponding signal acquisition system is called analog-to-information (A2I) converter [34] . The measurement vector y can also be expressed as
where
are desired signal and noise signal measurements, respectively. Noise y n is considered to be statistically independent and Gaussian distributed with zero mean and σ 2 n , variance. In this paper, we have assumed ideal noise free measurement system with noise to be present in the received signal via channel only.
Signal acquisition block is the front-end of the CS-based UWB receiver system and is shown in Fig. 1 . The m th measurement of received signal is generated by multiplying the received signal r(t) with the m th row of the measurement matrix , followed by a low pass filter (integrator) and a sampler. Since the measurement matrix has less number of rows compared to the conventional system, hence, output of the system is at a lower sampling rate (sub-Nyquist rate). Here, ''conventional system'' refers to the conventional receiver design wherein all signal samples are sensed/sampled and used in the receiver.
The signal acquisition block of Fig. 1 is also called CS-based ADC [6] . The size of the measurement signal y depends upon the number of rows in the matrix . The measurement matrix in Fig. 1 can be a randomly generated or a deterministic matrix. As the number of rows in the measurement matrix increases, information about the received signal from the measurement samples improves. However, implementation complexity of A2I system also increases due to extra hardware requirement for each measurement.
C. SUB-Nyquist RATE COMPRESSIVE SENSING DOMAIN UWB RECEIVER DESIGN
In this subsection, we present the CS based UWB receiver design using less complex, power efficient, and sub-Nyquist rate ADC. We also derive the BER performance of TH-BPSK signal in the CS domain for multipath channel scenario. In order to derive the BER of TH-BPSK signal, we have considered discrete-time signal sampled at Nyquist rate. The received signal r(t), CIR h(t), UWB pulse w(t), and AWGN n(t) are represented by vectors as r = [r(0),
where N is the total number of samples at Nyquist rate in a fixed time duration and [·] T represents the transpose of [·] .
The sparsity of received signal can be observed in the transform domain and signal can be expressed as r = x (without considering the noise), where is an N × N sparsity basis matrix and x is an N × 1 vector of signal coefficients in the transform domain. If x has only K nonzero elements with K N , then signal r is called K-sparse in the transform domain or have sparsity of order K . Generally, received UWB signal is sparse in the time domain. In order to illustrate this, the impulse response h of CM1 channel, a UWB line-of-sight (LOS) channel model and the received (one frame) UWB signal are shown in Fig. 2a and Fig. 2b , respectively. From Fig. 2 , one can observe the sparsity of UWB signal in the time domain. Hence, sparsity basis matrix is replaced by an identity matrix of the same size. In order to present a general theory, we have considered r = x + n (in general received signal is noisy), where n is AWGN. The measurements of received signal in (5) can also be written as
5330 VOLUME 4, 2016 In (6), is the same measurement matrix as considered in (5) except that each row is discretized into N samples and hence, has a size of M × N with M N . Further (6) can be written as y = x +n, where = andn = n. The system in (6) is an under-determined system of linear equations and needs some apriori knowledge to reconstruct/recover unique full signal (at Nyquist rate) r from its sub-Nyquist rate random measurements y. The received sparse signal can be recovered using the 0 -norm minimization approach as below
where ||x|| 0 represents the non-zero elements (sparsity of signal) inx and defined as
where # represents a number. The solution of underdetermined system of equations in (7) using 0 -norm minimization is difficult to implement because minimization of 0 -norm is NP hard [5] , [22] , [36] . In the literature, various solutions of (7) are proposed using 1 -norm minimization under convex optimization framework with less complexity that is practically realizable. In general, received signal, r is noisy. Hence, solution of (6) using 1 -norm can be written aŝ
where η is a user defined parameter and depends upon the difference between actual x and estimatedx. Orthogonal matching pursuit (OMP) and compressive sampling matching pursuit (CoSaMP) are some of the signal recovery algorithms using 1 -norm minimization that have been used in the literature to solve (9) [5] , [11] , [16] , [28] . Further in (6), noise n in the received signal is mapped ton = n in the measurement signal y in the compressive sensing domain. If T = pI , then noise observed in the CS domain is white and has variance equal to pσ 2 n , where I is the identity matrix and p is a constant that depends upon the measurement matrix .
The received signal corresponding to the k th transmitted data symbol in the j th frame in the CS framework can be written as
where y k,j s and y k,j n are the desired signal and noise component, respectively, and can be measured using (5). In (10), we have assumed received UWB signal to be sparse in the time domain. If we average signal y k,j over N f consecutive frames by assuming channel to be invariant over one data symbol duration and noise to be affecting the desired signal similarly in each frame, then k th data signal in a CS domain can be written as
n . In (11), we have assumed each data symbol has same time hopping code c j [9] , [37] .
Further, if each data symbol is affected similarly by noise, then we can writeỹ k n =ỹ n and noise distribution in CS domain can be defined asỹ n ∼ N (0, σ 2 n ), where
By assuming that CIR is available at the receiver and invariant over the considered data transmission duration (quasi-static over symbol duration), correlation signal template y k tem ≈ y tem for correlator based signal detection scheme can be expressed as
where H is the channel matrix and is generated using CIR h. The template signal y tem can also be generated using the same signal acquisition block as shown in Fig. 1 by sending a pilot signal before data transmission. However, the template signal VOLUME 4, 2016 generated using the pilot signal is noisy, and will also result in loss of efficiency. The correlator output in the CS domain for the k th data symbol is expressed as
Signalỹ k s can be written as Hw k by assuming same pulse energy in each frame, where w k is the k th data symbol transmitted pulse. Further z k cs in (13) is expressed as z k cs = w T k H T T Hw +ỹ T n Hw. The k th data symbol can be demodulated using z k cs , where data symbol assignment is as given below
By assuming transmitted data pulse w k , measurement matrix , channel matrix H , and noise vectorỹ n to be statistically independent, the approximate distribution of signal z k cs with the positive pulse transmission is given by z
Let E cs = || Hw|| 2 2 be the energy of the composite multipath signal in the CS domain. The conditional BER p c (e|h) of TH-BPSK UWB signal using compressively sensed measurements can be written as
In (16) , where ||Hw|| 2 represents the composite multipath pulse energy in the signal domain. Assuming that the measurement matrix is random and satisfies the restricted isometry property (RIP), BER in (16) can be expressed as [20] 
where δ s ∈ (0, 1) is a RIP constant. The unconditional BER p c (e) of TH-BPSK signal can be expressed as
where f h (h) is the probability density function (pdf) of CIR h.
In this paper, we have evaluated (18) numerically to find the BER of TH-BPSK signal. Further, (18) is simplified to Q E w /σ 2 n in AWGN channel with single frame per data symbol transmission scheme without any CS scheme, which is same as in [38] . The BER performance of sub-Nyquist rate CS receiver for TH-BPSK UWB signal using the proposed and random Gaussian measurement matrices is shown in Fig. 3 at 30 percent of compressive sensing ratio (CSR). BER curves using simulation and (16) overlap considerably for both the proposed and random Gaussian matrices over the deterministic channel model as observed in Fig. 3.   FIGURE 3 . BER plot using the proposed ( Proposed ) and random Gaussian ( Gaussian ) measurement matrices at 30 percent CS ratio (CSR) for both simulation and theory. Theoretical results have been generated using (16) .
III. THE PROPOSED MEASUREMENT MATRIX
In this section, we propose a new measurement matrix to process UWB signal in CS domain that provides improved performance of the UWB system in terms of reduced operational time with efficient signal recovery. This proposed measurement matrix has circulant structure. Hence, it is computationally time efficient for signal processing in CS based system, thereby resulting in lower latency. The Toeplitz and circulant measurement matrices are also suggested earlier in the CS theory for less storage space requirement and effective signal recovery process in [21] , [24] , and [27] . The existing Toeplitz and circulant measurement matrices in literature are formulated using the i.i.d. random distribution, hence cannot be used for improved performance in the UWB systems. In this paper, we have formulated a quasi-random circulant measurement matrix from the composite transmitted waveform. Detailed discussion of the proposed measurement matrix generation is given below.
For a given vector, φ = (φ 0 , . . . , φ N −1 ) T , the circulant matrix can be written as
where o is a N × N circulant matrix generated using a cyclic shift of the first row φ. The circulant matrix o has N degrees of freedom instead of N 2 elements as compared to the other general square matrices of the same size. Therefore, the measurements taken using circulant matrix are less incoherent and subsequently, should yield poorer results with CS based recovery. However, performance of CS recovery using circulant matrix is observed to be almost similar to Gaussian or Bernoulli random matrices [24] , [27] . This encourages us to use the proposed circulant matrix. (F N φ) , where diag(·) represents the diagonal element of (·). Hence, circulant matrix multiplication can be performed using fast Fourier transform (FFT) algorithm for efficient CS processing. The RIP constant of circulant matrix with random Gaussian φ has been derived by Holger et al. in [21] for efficient signal recovery in CS. In [21] , authors also suggested RIP constant for circulant matrix when compressive sensing matrix, i.e., φ, is applied in the Fourier domain. Based on the discussion in [21] , we can safely say that the proposed circulant matrix satisfies the RIP condition. In general, RIP condition is difficult to prove for any matrix [28] . Moreover, it has been reported in the literature that RIP is not a necessary condition in CS. There have been results with RIPless CS [39] , [40] . Thus, we present the construction of the proposed measurement matrix without much worry on the RIP property.
For the proposed measurement matrix, we have considered, φ = ( are the weighting coefficients with random values ±1, and
p=0 are the pulse shifting parameters that are generated randomly. The vector φ represents the weighted summation of time shifted copies of the transmitted waveform. Hence, φ can be considered a random signal due to random nature of the coefficients {a p } P−1 p=0 , and time shifting parameters {ς p } P−1 p=0 . The circulant matrix o generated using φ (φ = ( P−1 p=0 a p w(t − ς p )) |t=nT s ) can be considered to be similar in nature to the matrix generated using random distribution of φ because vector φ has been generated via random realizations. The mean value of each column of matrix o is zero due to a random distribution of coefficients {a p } P−1 p=0 and zero DC value of transmitted UWB waveform.
The proposed compressive sensing measurement matrix
Proposed generated from the matrix, o using a selection operator S can be written as
where S is a matrix of size M ×N that selects randomly spaced M out of N rows of o where M N . The measurement matrix is fixed and same for all measurements. Many elements of the proposed measurement matrix are zero, hence, it is sparse in nature and we name it as a ''sparse sampler''. The proposed measurement matrix has better UWB system performance with less computational time and hardware complexity requirement due to its sparse nature. The sparsity level of the proposed measurement matrix can be varied by limiting the number of summation terms in the vector φ. The sparsity plot of the proposed measurement matrix Proposed is shown in Fig. 4 that clearly shows that Proposed is a sparse sampler. The proposed measurement matrix shown in Fig. 4 has a total of 897901 elements, out of which 30549 elements are non-zero. Hence, the density of the proposed matrix is very low (≈ 3.4%). The entries in the proposed measurement matrix are drawn using the UWB waveform's value. Therefore, information capture rate in the measurement samples may be higher than the other measurement matrix for the UWB system (although it is not always guaranteed). Each column of the proposed measurement matrix is normalized to a unity norm before the measurement process. Rows of the proposed measurement matrix are observed to be almost orthogonal to each other. Thus, measurements are incoherent to each other in the CS domain. We have analyzed the BER performance of TH-BPSK UWB signal in CS domain using the proposed measurement matrix and the existing deterministic (partial) and random Gaussian distributed measurement matrices. The proposed measurement matrix Proposed performs better than the existing deterministic (partial) and random Gaussian distributed matrices, although measurements taken using the proposed circulant matrix have less incoherence as compared to the random Gaussian matrix. In [24] and [27] , it has been shown that the performance of less incoherent circulant and Toeplitz matrices are same as random Gaussian matrix. Further, it has been shown in the literature [39] [40] [41] that compressed sensing works successfully even when these conditions are not satisfied. Moreover, the performance improvement using the proposed measurement matrix may be due to more information capture owing to signal-matched matrix and hence, better noise suppression ability with the use of the proposed matrix.
In this paper, BER performance of TH-BPSK UWB signal has also been derived using DCT, Hadamard deterministic (partial), and random Gaussian distributed measurement matrices. Next, we describe these matrices in brief.
A. DCT MATRIX

DCT matrix
DCT is defined as
where 0 ≤ n ≤ N − 1 and N is a predefined parameter and depends upon the length of the measured signal. In simulations, N is the total number of samples of the desired signal at Nyquist rate sampling for the considered time duration. The practical implementation of DCT is simple and needs less memory space. DCT measurement matrix DCT from matrix DCT is generated using DCT = S DCT , where S is a M × N selection matrix.
B. Hadamard MATRIX
Hadamard measurement matrix formulation is summarized as follows. Each element in Hadamard matrix
Hadamard has the value of ±1 and columns (or rows) of Hadamard matrix are orthogonal to each other. Hadamard matrix of size 2 k , 2 ≤ k ∈ Z + is generated using the Kronecker product between matrix 
The Hadamard measurement matrix Hadamard from Hadamard matrix is generated using Hadamard = S Hadamard , where S is a M × N selection matrix.
C. Gaussian MATRIX
The i.i.d. random Gaussian measurement matrix Gaussian is generated using Gaussian distribution of each element of matrix Gaussian i.e. φ mn ∼ N (0, 1/M ), m = 1, . . . , M , n = 1, . . . , N , where M and N are total rows and columns in the matrix, respectively [16] , [20] , [22] , [28] .
IV. SIMULATION RESULTS AND DISCUSSION
In this section, simulation results are presented on the performance of the proposed and the existing deterministic (partial) DCT, Hadamard, and random Gaussian measurement matrices. We have compared performance over average BER, reconstruction error, and operational time. We have carried out performance analysis of UWB system for both the receiver designs-sub-Nyquist rate CS receiver implementation and signal domain based CS receiver implementation as described earlier.
Although the sparsifying basis for the UWB signal is the identity matrix, results can be extended for any sparsifying basis. To analyse UWB system's performance in the CS domain, we have defined compressive sensing ratio (CSR) as
N × 100, where N and M represent the total number of samples of a signal at Nyquist and sub-Nyquist rate (CS-domain), respectively. Therefore, sub-Nyquist sampling rate is equal to (1 − CSR) times Nyquist rate. Samples of a signal in the CS domain are captured using the A2I conversion system shown in Fig. 1 . During the measurement time, measurement matrix is kept to be same. Hence, all samples are measured in the same environment. Further, we have considered that at a time measurement samples are taken for one single frame time duration of a received signal. Accordingly, measurement process is repeated from frame to frame.
In simulation, transmitted UWB pulse w is the second derivative Gaussian pulse. The corresponding analog pulse is expressed as
where A is the pulse amplitude parameter that normalizes the transmitted pulse energy and τ is the pulse width parameter. In all simulations, τ = 0.4 nanoseconds is assumed. Each data symbol is transmitted using single pulse per frame and without any frame repetition (N f = 1) for simulation ease. The TH code {c j } is generated using chip duration T c = 1 nanoseconds, cardinality N h = 3, 7, and period N p = 100 for AWGN and multipath channels, respectively.
A. COHERENCE AND SIGNAL RECONSTRUCTION ERROR
In this subsection, coherence and signal reconstruction error are plotted and discussed using the proposed and the existing measurement matrices. Coherence µ( ) of a matrix = can be defined as [5] 
where i and j denote columns of . In Fig. 5 , coherence, µ( , ) is plotted for the proposed measurement matrix Proposed , random Gaussian Gaussian , and random Bernoulli Bernoulli measurement matrices using inverse DCT and inverse DFT as sparsity basis . For orthonormal matrices and , the coherence is 1/ √ N ≤ µ( , ) ≤ 1. In Fig. 5 , we have considered N = 1499 and M to be ranging from 99 to 1499. Moreover, the columns of the measurement matrices are normalized to a unity norm. The coherence between the proposed measurement matrix and the sparsity basis matrix is slightly less than that between the existing measurement matrices (random Gaussian and Bernoulli measurement matrices) and the sparsity basis matrix. The normalized mean square error in signal reconstruction using the proposed measurement matrix Proposed and DCT DCT , Hadamard Hadamard , and random Gaussian Gaussian measurement matrices is shown in Fig. 6 . The normalized mean square error (NMSE) is defined as
where x is the original signal at Nyquist rate andx is the reconstructed signal generated using the OMP signal recovery algorithm from the compressively sensed samples (as shown in (5)). In this simulation, x is the received multipath UWB signal in channel model CM1 considering only ten highest amplitude multipath pulses arrived at the receiver. The normalized error using the proposed measurement matrix is smaller than the existing matrices as shown in the Fig. 6 for both the cases with and without additive white Gaussian noise. The performance improvement with the proposed matrix is small at SNR = ∞ (noiseless), i.e., the performance is almost the same as other measurement matrices. However, there is a considerable improvement in performance at SNR = 5 dB with the proposed matrix as observed in Fig. 6 . Thus, in noisy scenario, the proposed matrix performs comparatively better. Further, we notice that the relative improvement in normalized error with the proposed measurement matrix decreases as M /N ratio increases. Lower improvement at the higher values of M /N ratio is due to increase in signal information with all the matrices. Therefore, results in Fig. 6 clearly establish the superior performance of the proposed matrix at lower CS rates as well as in noisy scenarios.
B. BER PERFORMANCE OF SUB-Nyquist COMPRESSIVE SENSING UWB RECEIVER IN AWGN CHANNEL
The average BER performance of TH-BPSK UWB signal using the compressive measurements is shown in Fig. 7 for the case of AWGN channel. We have considered signal measurements at three different CS ratios of CSR = 30 (low), CSR = 60 (medium), and CSR = 80 (high) for sub-Nyquist rate system implementation and frame duration of T f = 10 nanoseconds. The BER performance of TH-BPSK UWB signal with the proposed measurement matrix Proposed is 2-4 dB better than the deterministic DCT DCT , Hadamard Hadamard , and random Gaussian distributed Gaussian measurement matrices as shown in Fig. 7 . The relative BER performance improvement is higher with the proposed measurement matrix at high CSR (CSR = 80) as compared to low CSR (CSR = 30). The relative BER performance improvement gap with the proposed matrix is widening as the SNR increases as observed from Fig. 7 . This performance improvement might be owing to better noise suppression ability with the proposed matrix because this measurement matrix is signal-matched. Therefore, the proposed measurement matrix can be a good choice for a very simple low-latency UWB receiver design in the CS-domain. We also observe from Fig. 7 that DCT and Hadamard measurement matrices have similar performance for all the considered CSRs and their performance are higher than random Gaussian matrix at CSR = 30.
C. BER PERFORMANCE OF SUB-Nyquist COMPRESSIVE SENSING UWB RECEIVER IN MULTIPATH CHANNEL
In this subsection, we have simulated BER performance of TH-BPSK UWB signal in the CS domain by considering VOLUME 4, 2016 FIGURE 7. Average BER performance of TH-BPSK UWB signal using the proposed and the existing measurement matrices in AWGN channel. multipath communication environment. To verify the robustness of the proposed measurement matrix for UWB signal, we have carried out simulations in both line-of-sight (LOS) and non-LOS (NLOS) multipath channel models CM1 and CM4 with 6 and 24 nanoseconds rms (root mean square) delay spread, respectively. More about multipath channel models CM1, CM4 and their parameters specification can be found in [37] and [42] . The system performance at three different CS ratios CSR = 30 (low), CSR = 60 (medium), and CSR = 80 (high) is analyzed. Further, we have assumed all the multipaths of the received signal r in the measurement process for sub-Nyquist rate samples.
The channel model CM4 with inter symbol interference (ISI) and CM1 without any ISI are considered to demonstrate the robustness of the proposed measurement matrix with improved performance in various operating scenario. Further, we note that CM4 channel model is less sparse as compared to CM1 as reported in the literature [11] , [15] , [16] , [18] . Impulse response of CM1 and CM4 channel models is shown in Fig. 8 . From Fig. 8 , we observe that CM4 channel is indeed less sparser than CM1. Hence, sparsity level is also different among simulation results in this subsection. The frame duration T f = 60 nanoseconds is considered for both the CM1 and CM4 channel models.
Average BER performance of TH-BSPK signal is shown in Fig. 9, Fig. 10 and Fig. 11 in the CS domain for both the CM1 and CM4 channel models with the proposed, DCT, Hadamard, and random Gaussian measurement matrices at CSR = 80, CSR = 60 and CSR = 30, respectively. The average BER performance using the proposed measurement matrix Proposed is 1-5 dB better than DCT DCT , Hadamard Hadamard , and random Gaussian Gaussian measurement matrices depending upon the values of BER and CSR as shown in Fig. 9, Fig. 10 and Fig. 11 . Again, we observe improved performance with the proposed matrix.
Similar to AWGN channel, we observe better BER performance with the proposed measurement matrix as compared to other existing matrices in both CM1 and CM4 channel models (Fig. 9, Fig. 10 and Fig. 11 ). Similar to AWGN channel, BER performance of DCT, Hadamard, and random Gaussian measurement matrix are close in both the CM1 and CM4 channel models. The slope of the BER curves in CM4 channel model is low compared to CM1 due to ISI effect in CM4 simulation. Same trend of BER slope is followed by all measurement matrices. Therefore, results generated in this subsection help us infer that the BER improvement (≈ 1 − 5 dBs) using the proposed measurement matrix can always be observed irrespective of the system operational environment such as sparsity level and ISI effect.
D. BER PERFORMANCE OF SUB-Nyquist COMPRESSIVE SENSING UWB RECEIVER IN SPARSE ENVIRONMENT
In this subsection, BER curves of TH-BPSK UWB signal are generated by considering only a few higher amplitude pulses at the receiver. Thus, a more sparse UWB signal is considered as compared to that using signal from all the multipaths. The CS scheme is implemented in this case by considering 5336 VOLUME 4, 2016 FIGURE 9. Average BER performance of TH-BSPK signal in CM1 and CM4 channel models at CSR = 80.
the discrete version of measurement matrix and received signal r.
Considering five highest amplitude multipaths for the received signal, average BER performance of TH-BPSK UWB signal using the proposed measurement matrix and the existing measurement matrices is shown in Fig. 12 for CM1 channel model at CSR = 60. BER performance using the proposed measurement matrix is around 3 dB better than deterministic DCT, Hadamard, and random Gaussian matrices at BER = 10 −4 as observed from Fig. 12 .
To assess the performance of the proposed measurement matrix in zero ISI and in very low sparsity environment, average BER performance of TH-BPSK signal using the proposed and random Gaussian measurement matrices is shown in Fig. 13 using CSR = 30, 60 and 80 in CM4 channel model. In this simulation, we have assumed frame duration T f = 100 and rms delay spread 24 nanoseconds with single frame per data symbol transmission. The BER performance improvement using the proposed measurement matrix is 3-5 dB better than random Gaussian measurement matrix as shown in Fig. 13 . Further, relative performance improvement at different CS ratios is almost same for both the proposed and random Gaussian matrices as observed from Fig. 13 . Again, BER curves depict same behaviour as noticed with the earlier results, for example, relative BER performance improvement increases at higher SNR values using the proposed matrix. Therefore, the proposed measurement matrix can be used efficiently for less sparse signal analysis as shown in Fig. 13 .
E. BER PERFORMANCE OF SIGNAL DOMAIN BASED COMPRESSIVE SENSING UWB RECEIVER IN FRAME REPETITION ENVIRONMENT
In this subsection, signal recovery and frame repetition factor N f for the same data symbol are analyzed for BER performance using the proposed and random Gaussian measurement matrices.
To demonstrate the performance of the proposed measurement matrix Proposed in signal recovery from the compressive measurements, we have shown the BER of TH-BPSK signal using the proposed and random Gaussian Gaussian matrices in Fig. 14 . In this simulation, we have considered signal received via all of the multipaths and used the OMP signal recovery algorithm. In Fig. 14 , CSR = 30 and CSR = 60 are considered in CM1 channel model with single frame per data symbol transmission. The BER performance of TH-BPSK signal using the proposed matrix is 4-5 dB better than the random Gaussian measurement matrix with the OMP signal recovery algorithm as shown in the Fig. 14 . The BER performance improvement in signal-domain compressive sensing UWB FIGURE 11. Average BER performance of TH-BSPK signal at 30 percent compressive sensing ratio in CM1 and CM4 channel models.
FIGURE 12.
Average BER performance of TH-BSPK signal at 60 percent compressive sensing ratio using five highest amplitude multpaths of the received signal in CM1 channel model. system is higher than the sub-Nyquist compressive sensing UWB system using the proposed matrix, which further establishes the importance of the proposed matrix in the UWB communication. We also notice that loss of signal information during signal recovery phase is less with the proposed matrix as compared to the random Gaussian matrix. Further, the effect of frame repetition per data symbol N f is also analyzed on the BER performance of TH-BPSK signal using the proposed and random Gaussian measurement matrices in the CS domain and results are shown in Fig. 15 . The BER performance improvement is almost same in both cases of N f = 1, 2 using the proposed matrix as observed in Fig. 15 at CSR = 60. In this simulation, we have assumed constant transmitted pulse energy E w that is equal to that of single frame per data symbol. Therefore, average pulse energy per data symbol is E w and noise variance is reduced by a factor of N f as mentioned in (1) . The improvement in BER using the frame repetition per data symbol is around 10 log(N f ) and same is shown in Fig. 15 for N f = 2 with around 3 dB BER improvement. From Fig. 15 , we can conclude that relative BER improvement using the proposed measurement matrix is independent of the frame repetition factor N f .
We have also shown the average BER performance of TH-BPSK signal using the proposed and random Gaussian measurement matrices with varying M /N ratio at fixed SNR value. The BER performance using the proposed matrix is around one decade better than Gaussian matrix when M /N ratio higher is than 0.2 as shown in Fig. 16 for both SNR = 5 and 10 dB. In this simulation, measurement matrix is changing with every single realization and hence, measurements of the received signal can be considered adaptive in nature. From  Fig. 16 , we conclude that the proposed measurement matrix can provide better UWB system performance even in very high CSR. Another important observation from Fig. 16 is that BER curves exhibit similar trend (decaying slope rate) with both the proposed and random Gaussian matrices at SNR = 5, 10 dBs when M /N ratio is higher than 0.2.
In Fig. 17 , we have shown BER performance comparison with and without CS using the proposed measurement matrix in channel model CM1. The BER performance improves as the compressive sensing ratio decreases and reaches close to the Nyquist rate as observed in Fig. 17 . In Fig. 17 , ''BPSK'' represents the conventional system performance without using compressive sensing and '' Proposed , CSR = 30, Recovery'' represents system performance using CS and OMP signal recovery algorithm on the compressive measurements at CSR = 30 in signal domain. The UWB system performance using CS with signal recovery algorithm at CSR = 30 is almost similar to the conventional system (without CS) performance as shown in In Fig. 17 . However, previous system performance is implemented at sub-Nyquist rate using the low sampling rate ADC as compared to conventional system (''BPSK'') at Nyquist rate using very high rate ADC.
Further, we observe that performance in CS domain at CSR = 30 and CSR = 60 degrades by 0.5 and 1 dB at BER = 2 × 10 −5 as compared to full Nyquist rate. Hence, the proposed measurement matrix can prove effective in implementing simple UWB system in the CS domain with low sampling rate ADC and less power requirement without significant loss in system performance.
We have investigated the affect of P and ς p , p = 1, . . . , P used in the proposed measurement matrix. The average BER performance of the proposed measurement matrix for CSR = 60 using different values of P with for ς p > T w is shown in Fig. 18 . As P increases, the sparsity of matrix decreases that may enhance the information capturing rate of the desired signal as well as noise contribution in the measurement signal. Until the value of P ≤ 5, the impact of noise and information capturing ability perhaps match and we do not observe any change in the performance as is evident from Fig. 18 . However, the BER performance is observed to degrade as P increases, say for P = 8 with ς p > T w (Fig. 18) . Also, system complexity increases with higher value of P. Thus, a low value of P, in general, is preferable.
Further, for ς p greater than T w , there is no problem. However, as ς p reduces below T w , has an overlap of UWB pulses. Since every column of is normalized to unity, it has no perceptible impact on the performance of the proposed matrix.
Next, we have compared the operational time requirement of the proposed measurement matrix with random Gaussian and sparse measurement matrix (proposed in [22] ). Results are shown in Table 1 . The calculated operational time of sub-Nyquist rate CS receiver and signal domain based CS receiver using all three measurement matrices discussed above is shown in the third and fourth columns, respectively, of TABLE 1. In the sparse measurement matrix, 30 non-zero elements are considered in each column, while the signal has 1600 samples (N=1600) at Nyquist rate. The operational time using the proposed measurement matrix in the subNyquist rate CS receiver is smaller but almost close to that of random Gaussian and sparse matrix because in this case time is consumed only by the front-end A2I block.
Moreover, the operational time requirement using the proposed matrix is half of the random Gaussian and almost close (but smaller) to sparse measurement matrices at 30 percent compressive sensing ratio in signal domain based CS receiver as shown in TABLE 1. Reduction in operational time using the proposed measurement matrix is due to the sparse nature of the proposed matrix. Hence, the performance of the proposed matrix is better than the existing matrices with almost similar (but less) operational time in the sub-Nyquist rate CS receiver. In fact, the proposed matrix has very less performance degradation without using any signal recovery algorithms as compared to the conventional system (without CS) at CSR = 60 and CSR = 30 as shown in Fig. 17 , and has low sampling rate ADC and less power requirement. In the signal domain based CS receiver that uses signal recovery algorithm, system performance using the proposed matrix is not only better but also require very less operational time (halve at CSR = 30) as compared to to the random Gaussian matrix.
The computational time in TABLE 1 is calculated for a single realization of a BER curve in channel model CM1 using the OMP signal recovery algorithm in MATLAB on an Intel(R) Core(TM) i7-4790 CPU @ 3.6GHz with 8 GB RAM and 64 bit operating system. The actual estimate of computational performance depends upon the number of operations. Therefore, number of multiplications and additions for the Gaussian and the proposed measurement matrix is given in TABLE 2 for the system y = r ∈ R M , r ∈ R N . In TABLE 2, N 1 is the total number of non-zero elements in a received signal r and M 1 is the total number of non-zero elements in a row of the proposed measurement matrix. The value of M 1 < N 1 because multipath received signal has more number of non-zero elements as compared to a row of the proposed measurement matrix (for smaller value of P). Hence, the proposed matrix has a smaller number of multiplications and additions for the receiver design in the compressive sensing domain. Further, the memory requirement for the proposed sparse circulant matrix is also lower than the full Gaussian measurement matrix.
From the above simulation results and discussion, we conclude that the proposed measurement matrix matched to the transmitted UWB waveform provides better system performance as compared to the existing measurement matrices with less operational time requirement. The proposed matrix is deterministic (partial) and sparse in nature. It requires only the generation of vector φ and the M number of row indices. This is computationally inexpensive and can be easily implemented in hardware compared to the generation and hardware implementation of a full matrix with random distributed entries. The robustness of the proposed matrix is verified in AWGN and multipath channels by considering frame repetition per data symbol, ISI, and sparsity level of received signal at various sub-Nyquist rate samples. The improvement using the proposed matrix is also verified in the signal domain using the OMP signal recovery algorithm with less operational time requirement as compared to the popularly used deterministic (partial) DCT, Hadamard and random Gaussian measurement matrices. Therefore, the proposed measurement matrix is more efficient in operational time and hardware complexity with 1-5 dB improved BER system performance in all type of operational environments for the CS-based UWB communication system.
V. CONCLUSION
In this paper, we have proposed a measurement matrix that is matched to the transmitted UWB waveform with circulant matrix structure. The BER performance of the UWB receiver system with the proposed matrix with TH-BPSK UWB signal is derived in the compressive sensing domain and is compared with other deterministic DCT, Hadamard and random Gaussian measurement matrices in AWGN and multipath communication scenarios. The BER performance of the compressive sensing based UWB receiver with TH-BPSK UWB signal is better using the proposed measurement matrix as compared to the existing matrices with low hardware implementation complexity such as memory storage and operational time requirement. Same has also been verified through extensive simulations in both the compressed domain based detector and detector after signal recovery from the compressive measurements. In the near future, the performance of the proposed measurement matrix can be analyzed in energy detector based UWB receiver design.
